In this paper we present a micro uidic system based on transparent biocompatible polymers with a porous membrane as substrate for various cell types which allows the simulation of various physiological barriers under continuous laminar ow conditions at distinct tunable shear rates. Besides live cell and uorescence microscopy, integrated electrodes enable the investigation of the permeability and barrier function of the cell layer as well as their interaction with external manipulations using the Electric Cell-substrate Impedance Sensing (ECIS) method.
Introduction
In the body there are various physiological barriers which separate the blood circulation from organs or from the surrounding tissue to block pathogens or tumor cells or to enable a controlled exchange of molecules. Examples are the blood or lymph vessels, the blood-brain barrier, which separates the central nervous system from the blood circulation or the blood cerebrospinal uid barrier, which demarcates the liquor system of the brain against the blood circulation. In many cases, these barriers are formed by endothelial cells. In vivo studies of these barriers are very difcult and only can be carried out in animal experiments. Therefore we are looking for alternative in vitro testing methods. Previous transmigration chambers only allow the use under static conditions neglecting the in uence of the microcirculation during the physiological processes to be investigated. For that reason we have developed a micro uidic chip system (Fig. 1 ) which allows the simulation of various physiological barriers under ow conditions. The system consists of two layers with integrated channel systems, separated by a porous membrane. The polymerbased layers are fabricated by hot embossing and con-nected to each other by thermal bonding. The uidic ports are mounted using adhesive processes [1] .
In order to mimic the physiological barrier one or both sides of the membrane are used as substrate for the corresponding cells (Fig. 2) . The use of transparent biocompatible materials allows for microscopic in vitro long time observation of living cells. Additionally gold electrodes are integrated on top of the membrane using UV lithography and wet chemical etching in order to perform electrical impedance measurements using the Electric Cell-substrate Impedance Sensing (ECIS) method [2] . Hereby we investigate the permeability and the barrier function of the cell layer [2-6] as well as their interaction with external manipulations (Fig. 3) [7] . 
Experiments
Up to now the micro uidic chip was used in two applications: -Examination of the migration process of cancer cells in the microvascular system using the micro uidic chip system as an arti cial blood capillary vessel.
-Investigation of neurological diseases using the micro uidic chip system to simulate the blood-brain barrier.
. Microfluidic chip system as an arti cial blood capillary vessel
To investigate the migration of cancer cells Human Umbilical Vein Endothelial Cells (HUVEC) are cultivated on top of the porous membrane of the upper channel of the chip system to form an arti cial blood vessel. The lower channel represents the surrounding tissue and is lled with tissue like components. At the beginning human endothelial cells were seeded on the top of the membrane through the upper channel system and cultured in an incubator under constant ambient conditions for at least 24 hours to grow to con uency. Afterwards cancer cells were added to media or to whole blood which was pumped through the upper channel at distinct shear rates, simulating the uidic conditions of human microvasculature. By means of uorescencemicroscopy it could be shown that a small number of these cancer cells which were stained with calcein green Cell trace, penetrates the endothelial layer and the membrane and nally enters the matrix material of the lower channel [1] .
The barrier function of the endothelial layer and their interaction with cancer cells were analyzed by means of Electric Cell-substrate impedance measurement. Figure 5 shows various stages of the cell growth of the endothelial layer on the membrane. The results of the long-term impedance measurements during the whole experiment are shown in Figure 5 . At the beginning of the cell seeding, the impedance rises slowly (Fig. 5, I ). The reason for this is that the cells impede the electrical path. After 24 hours of growth the cells form a con uent monolayer and the impedance achieved its highest value (Fig. 5, II) [3].
Subsequently, it was observed that the impedance value changes when the cell-cell connection is disturbed by external manipulation, such as interaction by cancer cells (Fig. 5, III) and by trypsin (Fig. 5, IV) which detaches the cells from the surface as shown in Fig. 6 .
. Microfluidic chip system as blood brain barrier
For this application rst it was tested, which polymer is the best for the new types of cells to be investigated. The selected materials were polycarbonate (PC), which has been used in the arti cial blood vessel system and polyethylene terephthalate (PET). In a preliminary test the cell growth and the formation of cell-cell junctions (tight junctions) of human brain microvascular endothelial cells (HBMEC) and the human choroidal plexus papilloma cells (HIBCPP) was investigated on di erent membranes. Figure 7a shows the results of the staining of the nuclei (blue), ZO1 (red) and the actin cytoskeleton (green) of HBMEC cells on the PC-membrane. We observed only a low expression of ZO1 and cells developed stress bers (actin staining in green), which indicates that HBMECs do not develop proper barrier functions on the PC membrane. Figure 7b shows the results of staining of the cell nuclei (blue) of HBMEC cells on a PET-membrane. The cells form a dense and uniform layer. In Figure 7c the results of antibody staining against ZO-1 proteins which are signi cantly involved in the formation of tight junctions on PET are depicted. If successful, the ZO-1 staining forms a red border between the cells. In the second test series with HIBCPP (Fig. 7d, PET ) the ZO-1 proteins are stained green. Here too a dense and uniform layer of cells can be detected.
The experiments have shown that both cell types (HB-MEC and HIBCPP) form more dense and uniform layers on the PET membranes. For that reason this material is selected for the further investigations.
Conclusion
We could show that ECIS measurements enable a detailed characterization of cellular monolayers and therefore allow the investigation of a ripening endothelial cell layer upon shear ow conditions. Furthermore we demonstrated that the impedance of an intact endothelial cell layer is changed by the interplay with stimulating agents and nally by oating and adhering cancer cells. The inte- gration of electrodes for ECIS measurements adds a realtime measurement technique to the micro uidic system next to the previous optical observation methods.
For the in vitro simulation of the blood brain barrier it is necessary to colonize the reverse side of the membrane with astrocytes and pericytes to complete the neurovascular unit. The next steps are to investigate the growth of these cell types within the micro uidic system and to verify the reliability of the whole system under ow conditions.
